Enhanced rates of phenanthrene biodegradation were observed in rhizosphere soils (17.2 and 15.5 mg/kg/d for initial and re-spiked additions, respectively) planted with slender oat (Arena barbara Pott ex Link) compared with unplanted bulk soil controls (12.4 and 10.7 mg/ kg/d). Soil microbial populations were characterized using a modified most probable number (MPN) method to determine quantitative shifts in heterotrophic and phenanthrene degrader communities while principal component analysis (PCA) of fatty acid methyl ester (FAME) data from isolated phenanthrene degraders was used to identify qualitative differences and degrader community diversity. The average heterotrophic bacterial population over time was about three times larger in rhizosphere soil than in bulk soil while phenanthrene degrading populations increased by as much as an order of magnitude between 24 and 28 days after planting (DAP). Thus, phenanthrene degraders were selectively enriched in rhizosphere soil compared with bulk soil. The greatest selection for degraders occurred during the later stages of plant development from 24 to 32 DAP. A PCA plot of the FAME data from phenanthrene degrader isolates indicated that the rhizosphere degraders were less diverse than bulk soil degraders. These results give us some insight into the mechanisms responsible for enhanced biodegradation and selective degrader enrichment in rhizosphere soils.
T I~E rhizosphere, defined as the volume of soil under the influence of the plant root, is a dynamic environment characterized by increased microbial community size and activity compared with the bulk soil (Curl and Truelove, 1986) . Recently, researchers have observed that the rhizosphere and its associated properties enhance degradation of pollutants. Investigators have been able to determine that (i) degradation and mineralization of a variety of environmental contaminants is enhanced in the rhizosphere (Hsu and Bartha, 1979; Crowley et al., 1996; G0nther et al., 1996; Narayanan et al., 1995; Federle and Schwab, 1989; Sahu et al., 1990; Sandmann and Loos, 1984; Anderson et al., 1995) , (ii) various plant species have different impacts on pollutant degradation rates in rhizosphere soils (Aprill and Sims, 1990; Knaebel and Vestal, 1992; Anderson et al., 1993) , and (iii) establishment of rhizosphere microbial communities need not precede contamination in order for enhanced biodegradation to occur (Anderson and Walton, 1995) . While a substantial amount of work has demonstrated that the rhizosphere enhances bioremediation of many environmental contaminants, there is little information available on the mechanisms of enhancement.
Polycyclic aromatic hydrocarbons (PAHs) are multi-ringed organic compounds that are widely distributed in the environment. Fossil fuel combustion and industrial processing often result in PAH contamination of soils and the environment. Plant stimulation of soil microbes resulting in enhanced PAH biodegradation has been found by using a variety of grass species (Aprill and Sims, 1990) . Grasses generally provide a dense rooting area conducive to microbial activity enhancement and moderate rooting depths that influence treatment up to 3 m below the soil surface (Aprill and Sims, 1990) . Using selected prairie grass species, benz(a)anthracene, chrysene, benzo(a)pyrene, and dibenz(a,h)anthracene were found at consistently lower concentrations in vegetated soils compared with unvegetated controls after 59 d and significantly lower concentrations were found after 151 d (Aprill and Sims, 1990) . In a greenhouse study using alfalfa (Medicago sativa subsp, sativa), fescue ( Festuca ), sudangrass [Sorghum drummondii (Nees ex Steud.) Millsp. & Chase] , and switchgrass (Panicum virgatum L.), the PAHs anthracene and pyrene were significantly degraded after 4 wk in vegetated soils (30-44% more) compared with unvegetated controls (Reilley et al., 1996) . Perennial ryegrass (Lolium perenne L.) also was found to enhance biodegradation of a hydrocarbon mixture containing phenanthrene, anthracene, fluoranthene, and pyrene (G0nther et al., 1996) . These studies indicate that a large potential exists for the effective use of plant-enhanced bioremediation in PAH-contaminated soils. Few studies to date have investigated PAH-degrader community characteristics in rhizosphere soil. One study using alfalfa and alpine bluegrass (Poa alpina L.) grown for 14 wk in soil containing a mixture of organic chemicals including phenanthrene and pyrene reported selective enrichment of organic chemical degrader populations in contaminated rhizosphere soil (Nichols et al., 1997) . While the authors implied that higher numbers of degraders in contaminated rhizosphere soils should result in potential stimulation of bioremediation around plant roots, they did not measure contaminant degradation. Others also report that enhanced disappearance of pollutants in rhizosphere soil is accompanied by increased microbial population sizes and soil respiration rates (1.6-1.8 times higher) compared with nonrhizosphere soils (Gt~nther et al., 1996) . However, these are general characteristics of rhizosphere soils even in the absence of pollutant compounds. Finally, Radwan et al. (1995) observed zones of oil biodegradation around roots of Kuwaiti desert plants (primarily family Compositae) 4 yr after the Gulf War. Strains of Arthrobacter, Penicillium and Fusarium that were able to utilize selected PAHs as sole carbon sources were subsequently isolated from the Kuwaiti soil when planted with corn (Zea mays subsp, mays ) or tomato (Lycopersicon esculenturn var. esculentum) (Radwan et al., 1995) .
Slender oat, a common California annual grass, is fast-growing and well-suited for both experimental use and potential field management. Slender oat provides an exceilent model system for this work because we have used this plant species for a substantial amount of research on carbon, nitrogen, and microbial community dynamics in rhizosphere soil (Jaeger et al., 1999) . addition, slender oat seeds are not very susceptible to phytotoxicity in PAH-contaminated soils (Baud-Grasset et al., 1993) . Although slender oat had not been previously evaluated in phytoremediation studies, its properties made it an advantageous choice for assessment.
The objectives of this study were to determine the biodegradation rate of added phenanthrene over time and to assess both quantitative and qualitative changes of phenanthrene-degrading microbial communities in rhizosphere (planted) versus bulk (unplanted) soils.
MATERIALS AND METHODS

Soil
The soil used was obtained in March 1998 from a Bay Area oil refinery in northern California. The site was formerly a waste disposal site containing sulfuric oil sludge that was subsequently excavated and removed, along with the most contaminated surface soil. The remaining mineral substrate was originally beneath the oil sludge-contaminated surface [approximately 3% total petroleum hydrocarbons (TPH), Kulakow, personal communication] and has been exposed to surface environmental conditions since 1992.
Upon sampling, the soil was taken immediately to the laboratory and sieved through a 6.35 mm (1/4 inch) mesh, removing the larger rocks and gravel. The soil was then stored at 4°C until the time of phenanthrene addition.
Soil Chemical Characterization
A 1 kg subsample of the soil taken from the field was sieved through a 2 mm mesh in preparation for soil chemical analyses. Soil texture and particle size distribution were determined with a 40 g sample using the Bouyoucos hydrometer method (Gee and Bauder, 1986) . Inorganic N determinations (40 n --5) were carried out using 2 M KC1 extracts analyzed on a LACHAT QuikChem AE Automated Ion Analyzer (LA-CHAT Instruments, Milwaukee, WI). Total C and N were determined in triplicate ground soil samples using an Automated Nitrogen Carbon Analyzer/Isotope Ratio Mass Spectrometer (Europa Scientific, Crewe, UK). Soluble and exchangeable cations (n = 3) were determined using water BaCI2, respectively, while cation concentrations were measured using a Perkin-Elmer Atomic Absorption Spectrophotometer Model 2380 (Perkin-Elmer, Norwalk, Connecticut). Soluble CI-and electrical conductivity were measured in the water extract using an Aminco chloride titrator (American Instrument Co., Silver Spring, MD) and an Orion Research Digital IONANALYZER model 701A (Orion Research, Cambridge, MA), respectively. Bicarbonate extractable P (n 5) (Olsen and Sommers, 1982) , saturation water percent (n 3) (Rhoades, 1996) , and diethylenetriaminepentaacetic acid (DTPA)-extractable heavy metal analyses (n = 3) (Lindsay and Norvell, 1969) were conducted. Soil pH (n = 5) measured using a Corning 340 pH meter (Corning, Corning, NY) immersed in a deionized water-saturated soil slurry (2:1 H20 to air dried soil by mass) after equilibration at room temperature for 15 rain. Bulk density (n = 2) was determined from the mass of air-dried soil in a filled 50-mL graduated cylinder after gently tapping on the benchtop for 30 min.
Plant and Growth Conditions
Slender oat seeds were surface-sterilized after removal of the seed husk in 50% ethanol for I min followed by immersion into a 10% bleach solution for 5 min. Seeds were then placed in petri dishes with wetted filter paper (Whatman #42) and allowed to germinate for 5 d under incandescent light. Sprouted seeds were then planted into phenanthrene-spiked soils and moved to the Oxford Tract greenhouse facility (University of California at Berkeley). Both planted and unplanted soils were watered every third day to the drip point. Unplanted soil microcosms were classified as bulk soils.
Phenanthrene Addition, Re-spike, Extraction and Measurement
Two-hundred and fifty grams of oven-dried equivalent soil was spread out into a stainless steel tray. Approximately 10 mL samples of phenanthrene dissolved in hexane (2.5 g/L) were then aseptically added (100 mg/kg final) using a solvent-rinsed 10cc glass B-D Multifit Interchangeable Syringe (BectonDickinson, Rutherford, NJ) with an Acrodisc CR PTFE 0.21xm Syringe Filter (Gelman Sciences, Ann Arbor, MI) and 25 gauge 5/8" B-D Precision Glide needle. After phenanthrene addition, the soil sample was mixed using a stainless steel spatula and then spread into another stainless steel tray for 60 min in an exchange hood in order to ensure hexane carrier volatilization. Preliminary bottle experiments and headspace analysis using this procedure indicated that greater than 99.9% of the hexane added had been volatilized after 60 min. A total of 15 kg spiked and sieved soil was prepared for this experiment.
Approximately 500 g of phenanthrene-spiked soil was then placed into a 150-mm diameter Pyrex glass funnel (Corning, Corning, NY) with a folded 18.5-cm filter paper circle (Whatman #41) placed on the bottom. Twenty-eight funnels were prepared. Fourteen of the funnels were planted with 4 sprouted slender oat seeds while the remaining funnels were filled with soil only. At t = 2, 4, 6, 8, 10, 12, 21, and 24 d after planting (DAP), one planted and one bulk soil funnel was taken to the laboratory for analysis. Triplicate soil samples were harvested from each funnel. In planted funnels, slender oat shoots were removed and a #9 septa corer (1.5 cm diameter × 6 cm height) was used to sample soil immediately surrounding the shoot location and extending to the bottom of the funnel. This soil was classified as a rhizosphere soil sample. In unplanted funnels, samples were taken in an identical fashion without the influence of a plant and classified as bulk soil.
Preliminary experiments indicated that phenanthrene biodegradation in both planted and unplanted soils occurred during the first 20 d of incubation. Therefore, in order to ensure that the contaminant was present during the latter phases of plant growth, a re-spike of phenanthrene into the established rhizosphere and bulk soils was carried out as follows. At t = 24 DAP, the remaining funnels were brought into the laboratory. A total of 8 mL of 7.5 g/L phenanthrene solution dissolved in hexane was injected strategically, in 1-or 2-mL increments, into each funnel using a solvent-rinsed 10cc glass B-D Multifit Interchangeable Syringe and a 10" long, 22 gauge stainless steel syringe needle (Aldrich Chemical Co., Milwaukee, WI) to a final re-spike concentration of approximately 120 mg/kg. After injection, each funnel was connected to the house vacuum with Tygon tubing for 30 min in order to allow hexane volatilization.
Soils were then watered and moved back to the greenhouse for further incubation. The remaining samples were then collected at t = 26, 28, 30, 32, 35, and 42 d after planting.
The extraction procedure was modified from EPA method 3550. Triplicate lg soil samples from each time point, including immediately after phenanthrene addition, were placed into 50 mL Erlenmeyer flasks for extraction.
Each sample was extracted three consecutive times with 3 mL of methylene chloride and hand-shaken for 30 s between each extractant addition. Phenanthrene was then quantified using a HewlettPackard 5890A GC-FID (Hewlett-Packard, Avondale, PA) equipped with an AT-1 capillary column (Alltech Associates, Deerfield, IL). One solvent blank per time point was carried out in order to ensure that glassware cleaning was adequate and calibration checks of known concentration were run intermittently between every tenth sample.
Most Probable Number Assay
The phenanthrene-degrader MPN assay was modified from a method described by Wrenn and Venosa (1996) . Approximately 2.5 g oven-dried equivalent (ODE) soil was transferred into 23 mL of sterile 0.7 % sodium chloride solution and serially diluted to 10 -8. Ninety-six-well microtube racks were loaded with I mL 6 x 50 mm disposable culture tubes (VWR Scientific, San Francisco, CA) and autoclaved.
For phenanthrenedegrader population size estimates, 20 txL of filter-sterilized phenanthrene dissolved in hexane (10 g/L) was placed into each I mL test tube in a sterile exchange hood and the hexane was allowed to volatilize, leaving behind solid phenanthrene precipitate.
Four hundred IxL of Winogradsky mineral medium (Tchan and New, 1984) was then added to each tube. The entire rack was then vortexed for 10 s in order to ensure the medium flowed to the bottom of each tube. The final phenanthrene concentration in each tube was 0.5 g/L. For heterotrophic population estimates, 400 IxL of 10% strength Trypticase Soy Broth (Difco Laboratories, Detroit, MI) was used as the growth medium. One-hundred txL of serially diluted sample from each soil (n = 3 for each time point) was then loaded into five tubes (Samples #1 and #3) or six tubes (Sample #2) using a multi-channel micro-pipette (Rainin strument Co., Woburn, MA). Heterotrophic population estimates using 10% Trypticase Soy Broth were incubated at 27°C for i wk while phenanthrene-supplemented Winogradsky medium was incubated for 2 wk. After initial incubation, 50 IxL of filter-sterilized p-iodonitrotetrazolium violet solution (3 g/ L) was added to each tube. The MPN plates were then incubated an additional 24 h at 27°C and read. In growth-positive tubes, p-iodonitrotetrazolium violet solution was reduced to an intercellular insoluble formazan that deposits as a red precipitate. The scoring of positive tubes was based upon visual identification of both color reaction and precipitation. A computer program (Klee, 1993) was then used to calculate the estimated population size. Using this method we estimated heterotrophic and phenanthrene-degrader population sizes from the triplicate soil samples at each time point. The average rhizosphere to bulk soil population ratio was then calculated for both populations at each time point.
Phenanthrene Degrader Isolates
Isolation of phenanthrene degraders was carried out using a modified overlayer technique described by Bogardt and Hemmingsen (1992) . A 2.5-g soil sample from planted and unplanted soils at 28 DAP was serially diluted in 0.7% sodium chloride solution as described above. A previously poured and solidified bottom layer consisted of Winogradsky mineral medium enriched with 0.1 mL/L vitamin stock solution (Bogardt and Hemmingsen, 1992) and solidified with 1.5% agar. In a sterile exchange hood, 3.5 mL aliquots of warm (40°C) Winogradsky mineral medium (1% agar) enriched with 0.1 L of NH4C1 and 5 mL/L trace metal solution (Bogardt and Hemmingsen, 1992) were maintained in a heating block. Filtersterilized phenanthrene (200 ixL) dissolved in hexane (8.5 L) was added to each warm agar aliquot and homogenized with intermittent vortexing for 5 s with attempts to minimize bubble formation. A 100 IxL sample of the appropriate soil dilution was then added to the warm agar, vortexed for 1 s in order to homogenize the sample, and poured over the solidified bottom layer. Once an agar monolayer was established, each plate was left uncovered in the sterile exchange hood for approximately 5 min in order to allow hexane volatilization and overlayer solidification. As the hexane volatilized, solid phenanthrene precipitate formed across the surface of the plate. Plates were then incubated at 27°C for 3 to 4 wk and checked every 2 to 3 d for colony formation. Degraders were denoted by zones of phenanthrene clearing around the colonies and confirmation of hydrocarbon utilization was carried out in subsequent liquid culture. Isolates were then stored at -80°C in 50% glycerol.
Fatty Acid Methyl Ester Assay
Phenanthrene degrader isolates from both planted and unplanted soils were characterized qualitatively by extracting their lipid fatty acids, converting them to FAMEs, and quantifying them by gas chromatography (MIDI, Newark, DE). Isolates were cultured and extracted using methods and protocols described by Paisley (1996) . Qualitative comparison of the fatty acid profiles between isolate degraders was carried out using principal components analysis in JMP (SAS Institute, 1990) . Blind replicates of one rhizosphere and one bulk soil isolate were included to assess analysis reproducibility. Pseudomonas aeruginosa strain PG201 was used as a positive control in order to ensure that both culture techniques and extraction procedures were carried out adequately. Method blanks also were run during each fatty acid extraction in order to test glassware cleanliness and to minimize introduction of spurious fatty acids.
Chemicals
Phenanthrene used in the following experiments was >96% pure [high performance liquid chromatography (HPLC)] from Sigma Chemical Co. (St. Louis, MO) while optima grade hexane and methylene chloride stabilized with amylene was purchased from Fisher Scientific (Fair Lawn, N J). All glassware and materials in contact with petroleum hydrocarbons were solvent rinsed with certified ACS methanol (Fisher Scientific) before use.
Statistical Analyses
Statistical significance of differences between rhizosphere and bulk soil phenanthrene concentrations at individual time points was determined using a two-tailed t-test while differences between degradation rates were determined using an analysis of covariance. Table 1 presents the results of chemical analyses carried out on the <2 mm fraction of the soil. We were unable to detect any phenanthrene before additions from preliminary extractions (n = 3) of unspiked soil. Total soil N was 0.10% (w/w) while total C was 2.33% (w/w). Enhanced soil organic matter mineralization rhizosphere soils has been reported previously in nutrient limited soils (Cheng and Coleman, 1990 ).
RESULTS AND DISCUSSION
Soil Chemical Characteristics
Phenanthrene Biodegradation
Figure 1 presents phenanthrene concentration over time in rhizosphere and bulk soil treatments. In both rhizosphere and bulk soils, a 2-d initial lag was observed after which phenanthrene was degraded very rapidly. The initial phenanthrene degradation rate was faster in rhizosphere soil compared with bulk soil (Fig. 2) . addition, between 6 and 22 DAP, the concentration of phenanthrene in rhizosphere soil was significantly lower than what remained in unplanted soil ( Fig. 1 , P < 0.05). After both soils were re-spiked with phenanthrene at 24 DAP, no lag phase was observed and contaminant biodegradation continued at similar rates in each soil. The phenanthrene degradation rate was again faster in rhizosphere soil compared with bulk soil (Fig. 2) . contrast to the period before phenanthrene re-spike, contaminant concentrations were significantly different between treatments only at 42 DAP. Although the average concentrations at individual time points after the re-spike were not statistically different between rhizosphere and bulk soil, a significant rhizosphere treatment effect was still observed (P << 0.05).
Differences between phenanthrene concentrations in rhizosphere and bulk soils at individual time points after the phenanthrene re-spike may have been masked due to the difficulty of uniformly re-spiking intact soil microcosms. This effect can be observed by comparing the average magnitude of standard deviations before and after phenanthrene re-spike (7.3 mg/kg before vs. 15.3 mg/kg after). The first addition of phenanthrene resulted in a lag before biodegradation (Fig. 1) , but the re-spike did not. The 2-d lag period after the first phenanthrene addition indicates that either enzyme induction/de-repression or population growth occurred in response to the initial phenanthrene addition. However, it is interesting to note that biodegradation rates (Fig. 2) within a particular treatment were not different before and after phenanthrene re-spike.
Our data show that soils planted with slender oat degraded phenanthrene more rapidly compared with bulk soil. Enhanced petroleum hydrocarbon degradation in the presence of plants is in agreement with previous studies (Reilley etal., 1996; Gtinther et al., 1996; Aprill and Sims, 1990) . The current study is the first to report enhanced contaminant degradation rates using slender oat.
Quantitative
Phenanthrene-Degrader Community Changes bulk soil, a phenomenon commonly referred to as the rhizosphere effect (Curl and Truelove, 1986) . Phenanthrene degrader populations follow similar trends as heterotrophic populations over time. One major difference is that the initial (t = 0 DAP) phenanthrene degrader population size was relatively small [5.55 × 104/g oven-dried equivalent (ODE) soil]. However, after only 2 d of exposure to the contaminant, the degrader population increased dramatically (see Fig. 3 ). Interestingly, the MPN-detectable phenanthrene degrader population in rhizosphere soil was larger in magnitude than the heterotrophic population detected in bulk soil from 4 to 42 DAP. These trends indicate that the rhizosphere environment created by slender oat supported a substantial population of microbes that could degrade phenanthrene.
Comparative estimates o1~ populations for rhizosphere soil and nonrhizosphere (bulk) soil can be expressed a ratio of the two populations. The rhizosphere effect of actively growing plants usually corresponds to rhizosphere to bulk soil ratio values of 2 to 20, but ratios of more than 100 have been recorded (Curl and Truelove, 1986) . The ratio varies due to the different plant species effects, as well as the different stages of plant growth (Rovira and Davey, 1974) . In this study, we used rhizosphere to bulk soil ratios as a quantitative estimate of microbial community changes that took place. Figure 4 contains rhizosphere to bulk soil population ratios over time. Significant differences (P < 0.05) between heterotrophic and phenanthrene degrader populations occur at 24, 26, 28, 30, and 32 d after planting as well as a highly significant treatment effect overall (P << 0.05). The data indicate that selective enrichment of phenanthrene degraders occurs in slender oat rhizosphere soil, particularly between 24 and 32 DAP. For example, at t = 26 DAP, the heterotrophic population increases by 4.4 times in rhizosphere soil compared with bulk soil while the phenanthrene degrader population increases 9.3 times (see Fig. 4) . As a result, the rhizosphere soil supports a larger proportion of phenanthrene degraders than bulk soil.
The proportion of hydrocarbon-utilizing bacteria to heterotrophic bacteria has been shown to relate to the hydrocarbon degradation activities in oil-contaminated sites (AI-Awadhi et al., 1996; Balba et al., 1998) . 26 DAP, the proportion of phenanthrene degraders is 0.84 in rhizosphere soil compared with 0.37 in bulk soil. Significantly larger proportions of phenanthrene degraders (P < 0.05) in rhizosphere soil continue from 26 to 32 DAP. The largest proportion of phenanthrene degraders in rhizosphere soil occurs 4 d after phenanthrene re-spike (28 DAP), but remains relatively constant between 0.6 and 0.9 throughout the duration of the experiment. In bulk soil, the proportion of phenanthrene degraders fluctuates between 0.3 and 0.75 and does not increase after the phenanthrene re-spike until 35 DAP. Bulk soil phenanthrene degraders appear to have responded more slowly to the phenanthrene respike compared with rhizosphere degraders. Quantitative assessment of the microbial community indicates that selective enrichment of phenanthrene degraders occurs in rhizosphere soils planted with slender oat compared with unplanted bulk soil.
Rhizosphere soil appears to be a hospitable environment for some phenanthrene degraders. Plant roots provide degrader organisms with a variety of compounds including nutrients that help to select and support microbes able to compete in this environment. Potential nutrients supplied by plant roots include amino acids, organic acids, carbohydrates, growth factors, and smaller soluble proteins (Curl and Truelove, 1986) . For example, in our N-limited soil system, amino acids, proteins, or growth factors may be provided by the plant and used by the phenanthrene degraders as an N source. Previous experiments with slender oat using a bacterial reporter assay indicate that the amino acid tryptophan was up to 1.000 times more available to microbes in rhizosphere soils compared with bulk soils (Jaeger et al., 1999) . Increased nutrients also may be brought to the rhizosphere by bulk water flow driven by plant evapotranspiration. In addition, organic compounds derived from root structural components (such as suberized cell walls, cutin, or waxes) may be chemically similar to petroleum hydrocarbons and induce the appropriate catabolic enzymes for phenanthrene degradation (Hernandez et al., 1997; Holden and Firestone, 1997) . Root structural components would seem more likely to have an effect on enzyme induction during the more mature phases of plant development as the root begins to senesce and decompose. Delayed enzyme induction from root structural components may explain why selective enrichment of phenanthrene degraders was most pronounced during the later phases of plant growth (24-32 DAP) in our system.
The proportion of degraders we observed was relatively high compared with estimates determined by Nichols et al. (1997) , but similar in magnitude to Radwan et al. (1.995) . Nichols et al. (1997) used soil had no previous exposure to petroleum contaminants and introduced a mixture of petroleum compounds to the soil. The experiments by Radwan et al. (1995) are similar to our system in that they used previously contaminated soils and added pure-phase hydrocarbon constituents.
Degrader Isolate Characteristics
A total of 11 rhizosphere and 12 bulk soil phenanthrene degraders were isolated and analyzed in this study. Rhizosphere soil isolates R3 (Arthrobacter oxydarts, 0.36), R4 (Arthrobacter pascens, 0.374), and R12 (Arthrobacter oxydans, 0.47) and bulk soil isolates B3 (Aureobacterium esteroaromaticum, 0.40), B5(2) (Micrococcus luteus, 0.41), and B8 (Bacillus amyloliquefaciens, 0.42) had a MIDI/FAME similarity index of at least 0.3 [a good match but an atypical strain compared with a library isolate (Paisley, 1996) ]. These identifications, however, must be approached with caution as it is limited by the diversity of organisms recorded in the MIDI library. The MIDI/FAME identifications were in good agreement with Holt et al., 1994. Microbes potentially similar to our isolates have been found to biodegrade petroleum hydrocarbons in other soils and environments as well. Radwan et al. (1995) isolated four dominant Arthrobacter strains from rhizosphere soils of various plants in the Kuwaiti desert that could quickly consume the n-alkanes dodecane, hexadecane, and decosane as well as the PAHs naphthalene and phenanthrene from growth media. Ashok et al. (1995) isolated two Micrococcus species from soil near an oil refinery that were capable of growth on a mixture of naphthalene and phenanthrene. Maue et al. (1994) found Bacillus and Alcaligenes species able to metabolize phenanthrene, anthracene, and acenaphthene from a reactor system for the cleaning of an emulsified waste oil.
Qualitative
Phenanthrene-Degrader Community Changes
We used FAME data from the 23 degrader isolates to assess qualitative shifts in the microbial community of degraders. A PCA plot using Principal Components 1 and 2 is presented in Fig. 5 . Principal Components 1 and 2 are responsible for describing 23.2 and 16.1% of the variability between the fatty acid profiles, respectively. Bulk soil phenanthrene degrader isolates are relatively diverse in terms of their fatty acid profiles as displayed by their spread throughout the PCA plot. However, the rhizosphere degrader isolates are more similar in their fatty acid profiles and cluster more tightly on the PCA plot. Observations of colony color and texture and cell size and shape (data not shown) indicate that rhizosphere isolates also were morphologically more similar than the bulk soil isolates. Therefore, the phenanthrene degraders in rhizosphere soil appear to be qualitatively less diverse and may be a subset of the degrader community (as suggested by the 95% confidence ellipses around each group) present in bulk soil.
Rhizosphere environmental selection of a subset of organisms that are metabolically and taxonomically similar is in agreement with previous studies. Roots of most plants tend to favor faster growing, nonsporing, rodshaped bacteria, whereas Gram-positive, nonsporing rods and cocci, pleomorphic rods, and aerobic sporeformers are relatively less abundant directly adjacent to roots (Curl and Truelove, 1986) . In petroleum contaminated environments, Radwan et al. (1995) report that Arthrobacter bacterial species dominated (>95%) in crop plant rhizosphere soils, whereas in bulk soil, other genera such as Bacillus (also isolated from bulk soil in our study), Penicillum, Fusarium, and Trichoderma were present.
While enhanced contaminant biodegradation was observed in rhizosphere soils during both early and late stages of plant development, MPN-detectable selective enrichment of contaminant degraders was most apparent during the later phase of plant growth. While selective enrichment of degraders in rhizosphere soil does occur, our results indicate that it does not appear to be a requirement for biodegradation enhancement.
CONCLUSIONS
Enhanced rates of phenanthrene degradation occur in soils planted with a common annual grass (slender oat) compared with unplanted bulk soils. In addition, selective enrichment of a larger and more similar population of phenanthrene degraders occurs in rhizosphere soils. Strongest MPN-detectable degrader enrichment occurs between 24 and 32 DAP while enhanced phenanthrene biodegradation takes place during both early (2-22 DAP) and late (24-42 DAP) phases of plant growth. Studies are currently being conducted in an attempt to identify the rhizosphere plant component(s) that are responsible for enhanced degradation rates and selective enrichment of degraders.
